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SUMMARY

Our goal is to help the U. S. amorphous silicon PV industry to achieve the U.S./DOE PV
Program milestone of 12% stable efficiency modules by 1998.

We have concentrated on determining the hydrogen microstructure controlling the stability in a-
Si:H materials, on the recombination mechanism of the injected carriers in a-Si:H p-i-n structures,
and the correlation of the internal electric field profile to the solar cell performance.
During the contract years, July 7, 1994 to Jan.15, 1998, we summarized systematical studies of
the electroluminescence (EL) in a-Si:H p-i-n devices; we have measured the internal electric field
profile Ei(x) in p-i-n and n-i-p cells by a null-current method; we studied the structure of the
hydrogen clusters in hot-wire a-Si:H films both theoretically and experimentally; and we also
started film stress measurements.

We have developed a complete model to explain the features of the electroluminescence (EL) as
dispersive-transport-controlled non-geminate recombination processes.  This model can explain
the main features of the EL not only in a-Si but also in other types of trap-rich materials.  The
results will be given in section I.

In section II we present our results of the internal field profile, Ei(x), studies in H-diluted and
non-diluted p-i-n ells, and p-i-n and n-i-p structures.

Section III explores the microstructure origin which leads to more stable new a-Si:H materials.
We show a clear evidence of improved structural order in hot filament assisted CVD a-Si:H,
which is an important factor leading to more stable materials.

Section IV

Our research for the last year and a half has resulted in seven publications, and one submitted
paper.  We submitted four quarterly reports, one final subcontract report, one annual technical
report, and reports for the team meetings.
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INTRODUCTION

This report describes the research performed during the three and a half year project (July 7, 1994
to Jan.15, 1998) under NREL Subcontract No. XAN-4-13318-09.  It covers mainly the most
recent work, while the results have been published in Annul Reports for the earlier Phases.1-3

The central unsolved problem in the study of hydrogenated amorphous silicon (a-Si:H) is the
metastability.  It was shown that dangling bond (DB) defects, which cause inferior properties of
a-Si:H, are created upon light soaking and can be removed by annealing.  The microscopic origin
of such metastability is still unclear.  Until very recently, device quality a-Si:H films prepared by
various techniques exhibit very little differences in structural and physical properties such as
metastability.  This situation has changed as a result of two new major advances in this field.  One
is the demonstration that H-dilution during the conventional glow discharge (GD) film growth
improves the stability of a-Si:H.  The second is the demonstration that a-Si:H produced by the
hot filament assisted chemical vapor deposition technique (hot wire) has significantly improved
stability and low DB density; it needs only 1-3 at.% H to minimize the DB density compared to
the 8-10 at. % H in the conventional device quality GD materials.

We have focused on the H-dilution/non-dilution of p-i-n cells and the hot-wire films to explore
(1) what is the carrier transport/recombination mechanism in a-Si:H solar cells and (2) what is the
linkage between hydrogen microstructure and metastability?  This information is lacking.
Understanding these linkages would be an important ingredient in understanding the actual
degradation mechanism.

The purpose of our research is to address the above questions through studies of EL, electric field
profiles on p-i-n solar cells, and of proton NMR and film stress in new a-Si:H materials.

1) Electroluminescence (EL)

EL is a result of carrier radiative recombination in the intrinsic-layer of p-i-n solar cells.  The
emission photon energy depends on the carrier distribution in the localized states.  By studying
the temperature and applied field dependencies of the forward current, the EL efficiency, and the
EL spectra, we have developed a complete model to explain the unique features of the EL from
trap-rich materials.

2) Internal Electric Field Profiling, Ei(x)

The electric field profile varies depending upon where recombination takes place.  We have
started to study the effect of hydrogen-dilution on Ei(x) and measured Ei(x) in a-Si:H p-i-n and
n-i-p solar cells.

3) NMR

Since Si-H bonds play an important role in the metastability, we have done an NMR investigation
of H cluster configurations in a-Si:H both experimentally and theoretically.
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RESULTS

I. Electroluminescence (EL) in a-Si:H p-i-n cells:
dispersive-transport-controlled recombination

I.1 Introduction

The performance of a-Si:H solar cells is believed to be determined, to a large extent, by the carrier
recombination via the gap states (DOS) in the intrinsic i-layer.  Electroluminescence (EL) has
been used to study localized states and recombination processes of the intrinsic layer in a-Si:H p-
i-n structures.  EL arises from recombination of non-geminate e-h pairs because the electron and
hole are injected from opposite sides of the diode.  In earlier EL studies,4-6 other authors argued
that the PL and EL were identical except for the low EL efficiency and the lower EL peak energy
position.  The latter was explained by optical interference effect.4  The same researchers
suggested that the low EL efficiency is due to the fact that the recombination only takes place
near the p-i interface.  Except for the geminate process in PL,7-10 one would expect similar
recombination processes in both EL and PL, i. e., regardless of the generation methods.
However, significant differences in the features of EL and PL in the same p-i-n or n-i-p structures
have been observed.  We have explained1-3,11, that the EL efficiency is as high as the PL
efficiency, and that the recombination takes place within the whole i-layer because the carriers'
lifetime is much longer than the transit time in conventional a-Si:H p-i-n and n-i-p diodes.  We
further studied the temperature and electric field dependence, as well as the light-soaking effect.
Based on systematic studies,11-13 we have developed a complete model to explain the features of
the EL as dispersive-transport-controlled non-geminate recombination processes. This model can
explain the main features of the EL not only in a-Si but also in other types of trap-rich materials.

I.2  Samples and experimental conditions

Device quality a-Si:H p-i-n diodes were made on transparent-conducting-oxide (TCO) coated-
glass and n-i-p on TCO coated-stainless-steel substrates by plasma-enhanced chemical vapor
deposition (PECVD), and p-i-n diodes by photo-enhanced CVD techniques.  The TCO was
textured to avoid interference fringes, except for one pair of 1.0 mm thick identical samples
deposited on both textured and smooth surfaces that were used to insure that the structure of the
EL spectrum is not due to optical interference effect.  The top contacts were Ag, Al or ZnO, the
area was 0.1 to 0.3 cm2.  The i-layer thicknesses L were 0.2, 0.3, 0.4, 0.5, 0.53, 0.55, 1.0, 1.1, 2.0
and 10.0 mm.  Samples with L ≤ 0.55 µm are called thin samples while L � 1 µm are called thick
samples.  Among them, high performance a-Si:H p-i-n solar cells were made by d.c. glow
discharge at Solarex.14  The 0.5 µm intrinsic layers were made of either hydrogen-diluted silane or
pure silane, denoted as p-iH-n and p-i-n, respectively.  The sample preparation conditions and cell
performance furnished by the fabricating laboratories are given elsewhere.11
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States A and B denote the initial and the photo-degraded state of the p-i-n diode, respectively.
The photo-degraded state was reached by exposure of the sample to a 200 mW/cm2 white light
with an infrared-cut-off filter.  From eight to one thousand hours light-soaking through the glass
side of the sample was used to reach State B.

An Ar-ion laser with output power of 0.25-3 W/cm2 at 514.5 nm was used for PL excitation.  The
corresponding absorption depth is 800 Å in an undoped a-Si:H.  For EL measurements, the
applied voltage was obtained from a programmable pulse generator.  10 Hz repetition rate with 10
ms pulse width were typically used.  We varied the forward bias current density between 10-4 to
102 mA/cm2.  The contribution of thermal radiation to the signal was less than 2% of the total
signal.11  The EL efficiency temperature dependence was measured under constant voltage
conditions.  The emitted photons were dispersed in a monochromator and detected by a liquid-
nitrogen-cooled Ge detector through the glass side of the samples.  A lock-in technique was used
to collect the PL or EL luminescence signal.  The response curve of the detector and the system
optics were calibrated with a linear response detector.

HP 150 MHz 
Pulse generator

Temperature 
controller

Computer

Ge 
detector

Oscilloscope

Channel 
     1

Channel 
    2

Aperture
Lens

Monochromator

R50 ž L

Lock-in 
amplifier

Vacuum

Sample stage

Fig. 1 EL Experimental Layout

I.3  EL results

A. The critical energies of carrier transport and recombination in trap-rich materials

In amorphous semiconductors, the continually distributed localized states affect the
recombination processes as well as the transport.  It is commonly accepted that the carrier
transport in disordered materials is trap-limited and it can be described by the so-called multiple
trapping (MT) model,15,16 in which the carriers are frequently trapped in tail states and released
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by thermal excitation.  In the MT model the carrier transport is considered to take place at the
mobility band edge, and at certain times, the average trap energy of the carriers is given by the
demarcation level ED,

ED = kTln(ν0t). when T < T0 (1)

ED is defined as the energy at which the thermalization rate (ν0) is equal to the reciprocal of the
observation time (t) in carrier transport measurement.12,13  The deepest energy position of the
demarcation energy ED is the bottom of the tail states, that is about 0.3 - 0.35 eV above Ev and
0.1 - 0.15 eV below Ec for the holes and electrons, respectively.  The phonon-assisted transition
rate (thermalization rate) ν0 ♠1012 s-1 is greater than both the radiative- and nonradiative
recombination rate, 103 - 104 s-1  and 106 - 107 s-1.  The luminescence therefore occurs only after
the majority of carriers have thermalized to sufficiently low density of states that further phonon-
assisted transitions are suppressed by the weak overlap to neighboring sites.  The tail-to-tail
luminescence peak energy reflects the carrier distribution in the tail states and is expected to have
a time- and temperature shift of the peak energy.  The thermalization model is also used to
explain the temperature dependence of PL efficiency and to deduce the valence band tail width
by using the carrier's average lifetime (τr) instead of the observation time t as shown in Eq. (1).

In the case of EL, we found that both the energy peak position (ELpeak) and its temperature
dependence do not follow the thermalization model, especially at low temperatures.  We suggest
that carrier transport has to be considered as determining factor.  The MT model provides a good
description of the transport phenomena for temperature greater than ~ 200 K.  At lower
temperatures, hopping transport in the exponential band tail (or through potential fluctuations)
must be considered.  The carrier transport then is no longer near the band edge Ec (Ev) but at
transport level (Et) that has been introduced by Monroe.17

Et = kT0 ln(8/27R03N0) - 3kT0 ln(T0/T). (2)

where R0 is the effective Bohr radius, and N0 is the density of states at the initial energy E.  The
first term is an energy which is estimated to be close to the mobility edge, so that the second term
represent the shift of the transport path below Ec (above Ev for holes).  Both hopping-up and
hopping-down processes are permitted within band tails at about T > 200 K, below this
temperature only hopping transition to states of lower energy occur.14  At about T > 200 K the
second term in Eq. (2) becomes very small, thus Et ♠ Ec (♠ Ev for holes) and the MT model is
valid.  When the band-tail distribution is broad (a greater T0) and at low temperatures such that T
< T0 the electron transport level shift below Ec (above Ev for holes) is most significant.
Furthermore, in the dispersive regime (T < 200 K for electrons, T < 350 K for holes), it has been
found that the carrier drift mobility increases as the field increases, in the same manner as it
increases with increasing temperature.18  In other words, the carriers transport level shifts
towards the band edge with increasing electric field in that temperature range.

First we discuss the role of the critical energies ED(T) and Et(T) in the forward bias current.  The
steady state forward current in a-Si:H p-i-n and n-i-p diode is a recombination limited current.
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We discuss the applied-field range of 2-10 ∞ 104 V/cm in which both the recombination-rate and
the current spatial distribution are uniform through the i-layer according to a numerical
calculation.19  Hence, one can obtain the properties of the i-layer from the measurements.  The
dominant factor that determines the forward current behavior is the conduction band tail because
the electrons move much faster than the holes.  Thus, the forward current density is JF ≅ Jn =
µnτnE.  One can obtain the electron transport parameter, the mobility-lifetime product mntn(T),
from the JF(T) curves.  Fig. 2a shows the calculated ED(T) and Et(T) positions as a function of
temperature for electron according to Eqs. (2) and (3) by using ν0τr = 105 (with a non-radiative
recombination lifetime τr =10-7 s) and T0 = 300 K.  The transport level Et(T) represents the
balance of hopping and thermal excitation to Et(T); it shifts to the band edge as there is an
increasing of temperature.  The demarcation level ED(T), on the other hand, represents the
balance of thermal excitation to the band edge and retrapping into the tail states; it shifts away
from the band edge as there is an increase of temperature.  Considering the increase of the electric
field in the same manner as an increase of temperature, we calculated the transport levels, Et(T),
at electric field equal to 2, 4, and 6, ∞ 104 V/cm.  For a better fit to the experimental results of
both the current and the luminescence, we consider the thermalization processes beginning at 80
K in the calculation.  There are two transition temperatures, T2e and T1e, in the figure.  When T <
T2e, the transport energy level Et is deeper than the thermalization energy ED,
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Fig. 2  Calculated Et(T) and ED(T) positions as a function of temperature. The solid line
corresponds to ED=-kTln(ν0τr ), and the dashed lines correspond to Et= -
3kT0ln(T0/T).  Ec and EA, and Ev  and EB indicate the conduction-band edge and
the bottom of the conduction-band tail, the valence-band edge and the bottom of
the valence-band tail, respectively.  The dashed lines a, b, and c correspond to the
electric field 2, 4, and 6 ∞ 104 V/cm, respectively.
Figs. 2(a) for electrons using ν0τr = 105, T0 = 300 K.; 2(b) for holes, using ν0τr =
106, T0 = 450 K.  The open circles indicate the tunneling transition energy for
ELpeak.  The cross point of Et(T) and ED(T) indicate the temperature, T2h, where
the carrier transport mechanism changes.  T1h indicates the temperature where the
demarcation level has reached the bottom of the tail.

and electrons move along at Et.  The cross points of Et(T) and ED(T), T2e ♠ 110, 120, and 125 K,
indicate the temperature where the carrier transport mechanism changes from hopping-controlled
to MT regime where the electrons move still along Et.  The other transition temperature T1e ♠ 180,
190, and 200 K, indicates the temperature where the transport energy level has reached the
conduction-band edge Ec.  Meanwhile, at a temperature of about T1e the electron demarcation
level ED has reached the bottom of the conduction tail EA.  When T > T1e, the carriers move along
the conduction-band edge; then the carrier transport is in the extended sattes.

We now discuss the role of the critical energies ED(T) and Et(T) in the EL.  Because the valence
band tail is much broader than conduction band tail, the features of the EL are dominated by
valence band tail states.  According to Eqs. (1) and (2) by using ν0τr = 108 (with a radiative
recombination lifetime τr = 10-4 s) and T0 = 450 K for holes.  Fig. 2b shows the calculated
demarcation energy and transport energy positions as a function of temperature and electric field
for holes.  At temperatures T < T2h, the hopping controlled regime determines carriers transport.
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The transport level is deeper in the tail.  If the ELpeak is controlled by the transport level Et(T),
rather than ED(T), the peak energy position of EL will be lower.  Et(T) crosses ED(T) at
temperature, T2h ♠ 115, 135, and 155 K, where T2h decreases with increasing electric field. The
demarcation energy is deeper than the transport level in this regime, so the radiative tunneling
occurs from ED with high probability and the EL energy peak position will be controlled by the
demarcation energy.  At T1h ♠ 190, 250, and 310 K the transport level reaches the valence band
edge EV, causing the free carriers to be captured by deep states more efficiently. Thus,
recombination via defects will dominate. Meanwhile, at temperature about T1h the hole
demarcation level ED has reached the bottom of the valence tail EB. This implies that the tail
states are in thermal equilibrium with the band edge, thus the probability of the tail-to-tail
radiative transition is very low.  Consequently, one observes a dominating defect EL for T > T1h.

We will see that the features of both the forward current and the EL temperature and electric field
dependence as well as the EL energy spectrum in p-i-n structures can be explained by using the
temperature dependence of the characteristic energy curves in Fig 2a and 2b.

B. Forward bias current temperature dependence

We show the forward current density JF temperature dependence data from the thin and thick a-
Si:H p-i-n and n-i-p samples in their initial states A.  Figs. 3a and 3b show the JF vs. 1/T curves
for a 0.5 µm p-iH-n diode under 2, 3, and 4 V bias, for a 0.5 µm n-i-p diode at 1.6, 2.4, and 4 V
bias, respectively.  The electric field across the i-layer is Vi/L =  (Va - Vbi)/L, where Va is the
applied voltage and Vbi = 0.8 V is the built-in potential.  The general picture of the current
temperature dependence shows three regions  corresponding to the three regions in Fig. 2a:

(a) T < T2e, the low temperature hopping transport regime:  the injected carriers move along
the transport level Et that is deep down to the tail states as shown in Fig. 2a.  The weak
temperature dependence of the current is due to a small activation energy of µnτn, that is
about 0.01 eV, reasonably for the hopping activation energy.

(b) T1e < T < T2e, the multiple-trapping (MT) regime:  the transport level Et is above the
demarcation level ED. The carriers are still moving along at Et which is very close to Ec. The
current is thermally activated with an activation energy which gives the activation energy of
mntn.  In Fig. 3a, one obtains the transition temperature T2e at 110 -120 K which is consistent
with the calculated curves in Fig. 2a.  For electric field 2, 4, and 6∞104 V/cm in the 0.5 µm p-i-
n diode, the activation energy is 0.08, 0.095, and 0.13 eV that agree well with the results from
electron drift mobility measurements.  In Fig. 3b the solid lines are from the n-i-p diode while
the dashed lines are from the same p-i-n cell as in Fig. 3a. One can see clearly that the
transition temperatures of T2e and T1e shifts to higher temperature, we believe that is due to
injection limitation of the contact of the n-i-p diode. A smaller activation energy 0.07-0.08 eV
is obtained from the 0.5 µm n-i-p than that from the 0.5 µm p-i-n diode.  An activation energy
♠ 0.07-0.15 eV was observed for the thin p-i-n and n-i-p diodes. The variation of the
activation energy is due to the field dependence of the drift mobility.
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(c) T > T1e, the transport level Et has already reached the conduction-band edge Ec.  The
carrier transport is assumed to be in extended states, thus the current is no longer thermally
activated.  However, the dispersive behavior still can be seen in transient measurements.  The
calculated T1e is about 200 K in agreement with the experimental T1e in Figs. 3a and 3b.
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Fig. 3   Forward current density JF as a function of temperature from  (a) 0.5 µm
p-iH-n diode under 2.0, 3.0, and 4.0 V bias; (b) 0.5 µm n-i-p diode under
1.6, 2.4, and 4.0 V, the dashed lines from p-i-n diode in (a).  Two
transition temperatures T1e and T2e are indicated.

C. EL efficiency temperature dependence
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The PL temperature dependence from the p-i-n or n-i-p structures follows the termalization
model described in Eq. (1) as the same as that from intrinsic films.  However, carrier transport
could play a role in the temperature dependence of EL.  In order to keep the generation rate
constant, in earlier work,4-6 constant current conditions were used to measure the EL efficiency
temperature dependence, i.e. the injected electron density JF/eL has been used as the generation
rate.  They found4-6 a much lower EL efficiency than PL.  Our previous studies1-3,11 have
explained that the generation rate of EL is not simply the injected electron density JF/eL in
a-Si:H diodes, but should be written as

g = (JF/eL)∞(τr/to) ≅ JF/e(µnτnE), (3)

or g ∝ JF/eL, when (τr/to) � 1

where JF is the density of forward bias current, µnτn is the electron mobility-lifetime product, L is
the thickness of the i-layer, and to is the carrier transit time across the i-layer.  µnτnE = Ld (drift-

length) should be used instead of the i-layer thickness L in the expression of JF/eL.  Therefore,
we have suggested using a constant voltage instead of a constant current condition for the EL
efficiency temperature dependence measurements.  The limitation for using JF/eL as the EL
generation rate is (τr/to) � 1, or L d/L � 1.  The carrier transit time is t o = L2/µnVi .  The electron
transit time is about 2.5∞10-10 s with a band-edge mobility µn ≅ 10 cm2/Vs across a 0.5 mm thick
i-layer, under forward bias 1 V.  The gain factor τr/to then is as large as 102 to 103 when the
electron recombination lifetime is 10-6 -10-7 s.  This explains that the early EL work found a 102-
103 times smaller EL efficiency than the PL efficiency, ignoring the gain factor τr/to in the

generation rate expression, g = JF/eL(τr/to).  The hole lifetime is also longer than it's transit time if
both the hole lifetime and the hole mobility are one order of magnitude lower than the electron's.
Therefore, the injected electrons and holes must circulate through the diode before they find each
other and recombine.  The electrons circulate 102 times more than the holes because of the higher
mobility and the longer lifetime.  So the carrier recombination take place through the whole i-
layer indeed.  The above argument about the gain factor will be valid in the temperature range T >
T2 where the MT model is valid; in other words, when the carrier transport takes place near the
mobility edges.  The carrier's mobility will decrease rapidly in the hopping transport regime when
T < T2, and then the gain factors tend to be one.

The EL efficiency can be written as the total emission intensity per generation rate per unit area
A,

yEL = IEL/Ag = (IEL/IF)∞eµnτn(Vi/L). (4)

The total emission from the sample is IEL, the forward current is IF = AJF.  Assuming that a small
thermal activation energy of mntn product can be taken into account later, the factor µnτn(Vi/L)
does not change with temperature under constant voltage.  Thus, IEL/IF is the effective EL
efficiency in temperature dependence measurements under constant voltage condition.  In other
words, a constant voltage (not a constant current!) with a modification of the activation energy of
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µnτn means a constant generation rate in the EL efficiency temperature dependence
measurements.

We show the experimental results of EL effective efficiency, IEL/IF, as a function of temperature
for p-iH-n sample in initial state A in Fig. 4 for a 0.5 µm p-i-n diode.  Practically, as temperature
increases the rapid increase of current density could break-down the thin film diode, so we have
only measured EL efficiency temperature dependence at temperatures near T2h (where the
efficiency is maximum) for the 2.0 µm sample.  Similar features of the IEL/IF vs. T curves have
been found from all the samples being measured.  Interestingly, as temperature increases above
0 K there are three regimes in the IEL/IF vs. T curves:

(a) T < T2h, the efficiency IEL/IF increases rapidly with temperature and depends on the
applied voltage.  The EL efficiency shows a maximum value at a transition temperature.  T2h
and the maximum efficiency vary with applied voltage, higher fields correspond to a lower
T2h and higher efficiency.

(b) T > T2h, the efficiency IEL/IF decreases with temperature and does not depend on the
applied voltage.  It is reasonable that the IEL/IF vs. T curves do not depend on voltage for T >
T2h, if the luminescence efficiency depends on the generation rate linearly.

(c) When T is near room temperature, IEL/IF does not change much with temperature due to
the defect ELd domination.  It is shown more clearly in Fig. 4 at T > 250 K.
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Fig. 4  EL effective efficiency IEL/IF as a function of temperature for a
0.5 µm p-iH-n diode at 2.0, 3.0, and 4.0 V bias, the transition
temperatures T1h and T2h are indicated.



12

We have mentioned above that the hole distribution in the valence band tail is the dominant
factor for the luminescence signal, and the tail-to-tail transitions dominate the integral EL
efficiency at low temperatures.  Thus, we explain the experimental results in Fig. 4 by the
calculated curves in Fig. 2b for holes.  First, for T < T2h one expects the transport to be hopping-
controlled.  As the temperature decreases, the deeper the transport level, the less the wave
function overlap; hence the tunneling rate (r) for the radiative recombination decreases
exponentially according to ρ = ν0exp(-2R/R0) where R is the average electron-hole separation
and R0 is the effective Bohr radius.  It is worth mentioning here that this field-enhanced transition
can only be seen in the case of non-geminate recombination.  An opposite situation occurs in
geminate recombination processes such as the field quenching in PL.9  It has been found that the
carrier drift mobility increases as the field increases in the same manner as it increases with
temperature.18  In other words, the carriers move faster as the field increases.  So one would
predict that under a higher field the carrier transport would change to MT regime at lower
temperature.  The EL efficiency temperature dependence curves suggest that T2h ♠ 125 K, 135 K
and 150 K for applied voltage 2 V, 3 V, and 4 V, respectively, for the 0.5 µm p-iH-n diode of Fig.
4.  In addition, as predicted by the calculated data in Figs. 2a and 2b, for the same diode the
transition temperatures for holes, T1h and T2h are both higher than T1e and T2e for electrons
because the much wider valence band tail than conduction band tail.  This can be seen clearly in
Figs. 3a and 4 for the same 0.5 µm p-iH-n diode, for instance, T1h and T2h at 2 V are 150 K and
250 K both higher than T1e and T2e at about 120 K and 220 K.

When T > T2h, the EL effective efficiency IEL/IF decreases with temperature similar to the PL
efficiency that follows the thermalization model shown in Eq. (1). It is clear that the transition
temperature T2h depends on the applied field.  In Fig. 5, we plot the T2h as a function of the
electric field from a group of a-Si:H p-i-n diodes from several diodes.  One can see that the data
show that the reciprocal of T2h is proportional to the field, and in a good agreement with the field
effect on the carrier dispersive-transport.
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Fig. 5  T2h as a function of the electric field across the i-layer for 0.2,
0.3, 0.5, and 2.0 µm p-i-n and n-i-p samples.

D. Temperature and electric field dependence of the EL energy peak position

It has been a puzzle why the EL peak energy has always been  observed to be lower than the PL
peak energy of the same sample.4-6 In Fig. 6, we plot the main-band luminescence peak energy
as a function of temperature for both PLpeak and ELpeak from 0.2, 0.4, and 2.0 µm p-i-n diodes.
One can see that the PLpeak(T) follows the thermalization model as described in Eq. (1), while the
ELpeak(T) does not.  The PL spectra were measured by  0.1 W/cm2 514.5 nm laser excitation, and
the EL spectra were measured under 2∞104 V/cm applied field.  It is clearly shown that the
ELpeak(T) temperature dependence is weak in a wide temperature range of 50 K to 300 K.

We have shown that the carrier transport plays a role in the features of the EL temperature
dependence.  The EL peak energy position also can be discussed according to the characteristic
energies shown in Fig. 2b.  Since the carrier's hopping rate is much faster than the recombination
rate, the carriers first hop down to their transport energy level and circulate many times through
the device before recombining from their transport levels.  Therefore, when T < T2h, the ELpeak is
controlled by the transport level Et(T) which is about 0.2 eV deeper than the energy position of
ED(T) at low temperatures.  As temperature increases, when T > T2h the energy position of ED(T)
is lower than Et(T), the transition then occurs between the ED(T) with higher probability.  Thus
ELpeak will follow the thermalization model similar to that in PL.  The open circles in Fig. 2b
indicate the possible favorable transition energy for ELpeak.  It shows a much weaker temperature
dependence than that of ED(T).  Therefore, ELpeak(T) has weaker temperature dependence than
PLpeak(T).  So both the lower EL peak energy position and its weaker temperature dependence
are explained by dispersive-transport-controlled recombination.
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between PLpeak and ELpeak from 0.2, 0.4, and 2.0 µm p-i-n diodes.

More evidence of the dispersive-transport-controlled recombination is seen in the ELpeak field
dependence.  At low temperature the ELpeak shifts to a higher energy as the electrical field
increases as shown in Fig. 7 for a group of p-i-n samples at 100 K.  A similar shift was observed
at 90 K and 140 K.  However, we have not observed a shift of the ELpeak with increasing
electrical field at T > 200 K.  Again, the results agree with the field dependence of the carrier
dispersive-transport.15  That is, the higher the field the closer the transport level is to the mobility
edge, so the higher the transition energy for the EL peak position in the dispersive-transport
regime.
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Fig. 7  ELpeak as a function of the electrical field for 0.2, 0.5, 0.53, 0.55 and
2.0 µm p-i-n samples at 100K.

E.  Light-induced metastable effects

In the above sections, we presented the data of the original state A.  The same measurements
were done after light-soaking.  One of the light-induced changes in a-Si:H sample is the increase
of the density of silicon dangling bonds (DBs) that reduces the carrier's recombination lifetime.
DBs act as both radiative and non-radiative recombination centers.  The defect band dominates
the EL spectrum at room temperature.  Light-induced metastable changes of the defect EL
spectra reflect the metastable changes of the deep states.  The light-induced degradation effect has
been studied by defect EL spectroscopy, as reported previously. 1-3,11  Here we report the light-
induced effects on the localized tail states as well as the dominating effects on carrier transport.

Figs. 8a and 8b show the forward current density JF temperature dependence for 0.5 µm
p-iH-n and p-i-n cells at state B after 30 h light-soaking.  The dashed lines indicate the data from
the same samples at initial state A.  The light-induced effects are:

(a) an increase of the current density at low temperature hopping transport regime T < T2e;

(b) an increase of the activation energy at T1e < T < T2e, which reflects an increase of the
separation between Ec and the bottom of the conduction band tail EA;

(c) no obvious change in the temperature range T > T1e where the carrier transport in steady-
state is non-dispersive.

The light-soaking effect on EL effective efficiency for the same group of cells before and after
light-soaking is shown in Figs. 9 a and b.  Interestingly, there are no obvious changes of the EL
effective efficiency upon light-soaking in both the H-diluted and non-diluted samples when T >
T2h.  This can be understood since the light-induced metastable change is contained in the
transport parameter, µnτn, but does not show in the radiative-recombination processes.  In
previous work 11 we have shown that if the µnτn product is included, i. e., µnτn(A) ♠ 10-5 cm2/V
at State A, and µnτn(B) ♠ 10-6 cm2/V at State B, the EL efficiency shown in Eq. (4), µnτnIEL/JF,
does decrease roughly an order of magnitude upon light-soaking.  The factor of µnτn is excluded
in the EL effective efficiency IEL/IF, so the light-induced effect cannot be seen in the temperature
dependence in Fig. 9.  When T < T2h, the lower EL effective efficiency after light-soaking could
be related to the lower position of the transport level.



16

10-1

100

101

102

103

2 4 6 8 10 12 14

State A
2 V 
3 V 
4 V 

J F   
(m

A
/c

m
2 )

1000/T    (1/K)

250 200           125     100     (K)

T
1e

T
2e

(a)

10-2

10-1

100

101

102

103

2 4 6 8 10 12 14

State A
2 V
3 V
4 V

J F   
(m

A
/c

m
2 )

1000/T   (1/K)

(b)
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I. 4 Conclusions

The main conclusions that we draw from these EL studies are:

Both the current and the EL efficiency show three regions according to the transport mechanisms
of either hopping-controlled or multiple-trapping, or ballistic (non-dispersive).  Compared to
photoluminescence (PL), significant differences in the features of EL were observed: (1) the EL
main-band energy peak, ELpeak ~ 1.2 eV, is always 0.1- 0.2 eV lower than PLpeak; (2) the PL peak
energy decreases with increase of temperature, whereas the EL main-band peak energy hardly
changes with temperature but changes with applied voltage; (3) at low temperatures, the PL
intensity IPL is quenched but the IEL is enhanced by electric field; (4) the PL efficiency decreases
with increasing temperature when T > 50 K, but the EL effective efficiency IEL/IF increases
rapidly with temperature and shows a maximum at a higher temperature T2h (100 -
200 K), finally, (5) the defect-band intensity is four order of magnitude weaker than the main-
band intensity in the case of PL at low temperatures whereas it is less than two order of
magnitude weaker in thin p-i-n structures in the case of EL.

In amorphous semiconductors the localized state distribution affects both the recombination
processes and the transport.  The main difference of the EL main-band from PL is that carrier
transport is involved under double injection.  In the case of PL, the recombination is a
thermalization-controlled geminate process whereas in the case of EL, the recombination is a
dispersive-transport-controlled non-geminate process. However, when the demarcation energy is
deeper than the transport-level at T > T2h, both the thermalization of the carriers in the valence-
band tail states and the transport processes are involved in EL.  The origin of the temperature
dependence of the transport parameter µnτn(T) can be attributed to the thermalization of the
electrons in the conduction band-tail states. Therefore the features of both PL and EL intensity
temperature dependence, IEL/IF, and IPL vs. T are similar.  If the temperature dependence of the
transport parameter µnτn(T) is taken into account, the width of the valence-band tail kTo can be
deduced from (IEL/IF)∞µντν(T) vs. T curve according to Eq. (1).

By employing the forward current and EL temperature dependence studies information of both
the localized tail states and the deep defect states in real solar cell structures were obtained
concomitantly, that is crucial for the device performance.  In thin p-i-n diodes the defect EL
intensity is two order of magnitude stronger than that in the case of PL, so the room temperature
EL spectroscopy has been used to study photodegradation kinetics in solar cells.14  One of the
advantages of these studies, as compared to PL, is that the properties of the entire i-layer are
obtained, because the recombination takes place through the whole i-layer in EL, but the PL
signal is limited by the absorption depth of about 400-800 Å.  The other advantage is that the low
EL main-band peak energy due to dispersive-transport-controlled recombination allows us to
explore the deeper tail states.  In previous studies8-11 of the EL defect spectra in p-i-n cells, we
have reported that both the defect-state and tail-state energy distribution in the i-layer have been
modified by hydrogen-dilution treatment.  In this study, we have found more evidence of the
light-induced metastable increase of the µnτn activation energy and the changes of the EL main-
band spectrum lineshape, that indicate a light-induced band tail broaden, especially the deeper
part of the tail states.
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II. Internal electric field profile in p-i-n cells studied by the transient-null-current method

II.1 Null-current method

Since the charge collection process in a-Si:H based solar cells depends upon field-assisted drift in
the internal-electric-field, experimental knowledge of the internal-electric-field profile is important
for high efficiency and stable device design.  One needs to know how the electric field
distribution affects the Voc, the quantum efficiency wavelength dependence, and to determine
how the electric field changes upon light-soaking.  By using computer simulation, the physics,
and the relation of the electric field distribution with Voc of a-Si based alloy p-i-n cells under
steady state light illumination have been studied by Hack et al 19-21 and Fonish et al 22.  When
there is a constant midgap state (MGS) and the free carrier density is negligible, from Poissons
equation one obtains that the electric field Ei(x) decays exponentially from the junction interface,

Ei(x) = E0e-βx
 (5)

where β−1 = Lo is the decay length (the Debye length). β =1/Lo=q(MGS/ε)1/2 where q=1.6x10-19

C and ε=1x10-12 F/m.  The value and the decay rates depend on the space charge density and the
carrier's mobility (see the results of numerical calculations19-21).  On the other hand, a few
experimental results have been published.23-26  Among them the transient-null-current method is
an attractive technique because the experimental knowledge of Ei((x) can be obtained in a real
p-i-n cell structure.  We report the experimental results of Ei((x) on a-Si:H and a-SiGe:H solar
cells with varied i-layer thickness.
According to the early works of the null-current technique in a-Si solar cells, 23,24 the transient
photocurrents generated by a low-intensity pulsed laser were tuned to zero by the forward-bias
voltages and consequently the internal electric field profile can be determined.

jpc ∝
 [Ei (x) – Va/L]e - α(λ)x 

o

L

dx = 0

. (6)

where Va at null-current condition can be measured as a function of wavelength λ.  The field
profile Ei(x) then can be found by the best fit to the experimental data according to Eq.(6).  We

use a field-distribution function in the form of Ei(x) = E0e-βx+E1  for the field profile near the p-i
interface.19,23  Inserting this Ei(x) into Eq. (6) one obtains

 [(E0e-βx+E1) – Va/L]e - α(λ)x 
o

L

dx = 0

. (7)

With known α(λ) one finds the fitting parameters to the experimental data of Va (λ) by solving
the integral.
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A HP 8110A 150 MHz pulse generator with 1∞10-11 sec resolution was used to apply a positive
voltage pulse.  For the photoexcitation, a short laser pulse tpl ~ 2∞10-10 sec with varied
wavelength of 380 - 640 nm was used.  Neutral density filters were used to adjust the incident
light flux.  The experimental error was ± 0.05 V.  The measurements were made at room
temperature.  A schematic diagram of the experimental apparatus is shown in Fig. 10.

pulsed N  laser2 Dye laser

PC computer

HP 8110A 
150 MHz 
pulse generator Digital oscilloscope

Gould 35 MHz

Neutral 
density 
 filter p-i-n cell

50 ž

Fig. 10   Block diagram of the transient-null-current experimental apparatus.

II.2  Ei(x) results

Samples were made by plasma-enhanced CVD.  Several structures were studied i.e. 0.5 µm a-Si
Glass/CT/p-i-n/Al and Glass/CT/n-i-p/Al cells.  A 150 MHz pulse generator with 1∞10-11 sec
resolution was used to apply a positive voltage pulse.  For the photo excitation, a pulse-N2-laser-
pumped dye laser in a wavelength range of 380-640 nm was used.  Neutral density filters were
used to adjust the incident light flux.  The measurements were made at room temperature.  The
detail experimental conditions can be found elsewhere. 23,24

In order to obtain a reliable value of the internal field, one must minimize the contribution of
photocarriers to space-charge distribution.  To meet this condition, we applied a low intensity
narrow laser pulse right after the displacement current.  The total charge collected was ≤ 10-10 C
per pulse, and a repetition rate 1 Hz was used to ensure that the diode remained close to its
equilibrium state.  To perform the null-current method is relatively simple in the case of the
Schottky junction because the space-charge-limited current decreases to steady state value.  The
situation is rather complicated in the case of p-i-n diode, because the recombination current
would raise under double injection following the decrease of space-charge-limited current.     In
order  to
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measure the internal electric field without disturbing by the carrier recombination, one can only
use the time window after the fall of the displacement current and before the rise of the
recombination current.  The RC constant is < 1 µs and the rise time of the forward-bias
recombination current is about 10 µs in this study.

To demonstrate the transient-null-current technique, in Fig. 11 we show the current responses as
a function of time from a 0.5 µm a-Si:H p-i-n diode (a) for a 10 µs width positive electrical
pulse, Va, (b) at delay time 1 µs to the electric pulse, the sample is illuminated by a 200 ps width
laser pulse, and (c) subtracting (a) from (b) results the net photocurrent response to the laser
pulse, jpc.  This negative-going photocurrent is due to the photogenerated carriers swept out by
the internal electric field.  By increasing the voltage of the positive pulse Va one can null the
photocurrent and obtain a certain value of Va at each wavelength (λ) of the laser pulse.  The raw

data of Va vs. λ are related to the internal field profile, Ei(x), in the integral function according
to Eq. (7).
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Fig. 11  Current response of a 0.5 µm a-Si:H p-i-n diode for (a) a positive voltage
pulse of 0.1 V (b) for both the voltage pulse and laser pulse at l = 630 nm,
and (c) the net photocurrent response to the laser pulse, Ipc = subtract (a)
from (b).

A. The effects of hydrogen dilution on Voc in a-si:h pin solar cells

We studied the effects of H-dilution on Voc in a-Si:H solar cells fabricated by GD CVD.28

Three types of structures were studied as p-i-n, p-iH-i-n and p-iH-n.  The J-V characteristics and
the internal electric field profile were measured in comparison with the cell performance.  We
found that H-dilution does stabilize the Voc in both p-iH-i-n and p-iH-n structures after 100
hours AM1 light soaking.  These two types of H-diluted cells show little changes in current at
voltage near Voc before and after light-soaking; while the non H-diluted p-i-n cell does show a
noticeable change.  A stronger electric field starting from p-i interface is found for both H-
diluted cells compared to the non H-diluted p-i-n cell as shown in Fig. 12.  Furthermore, there
are no measurable changes in the field profile after 100 hour AM1 light-soaking for all three
types of cells.  All these suggest that an increase of the field strength near p-i interface is crucial
for a more stable Voc in H-diluted cells.
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Fig. 12   Internal field profile near p-i interface for p-i-n and p-iH-i-n structures.

B. Electric field profiles of p-i-n and n-i-p a-Si:H solar cells

It has been found that the cell performance such as the open-circuit voltage, photogain29,30 et al.
depends on the sequence of deposition.  We compared the electric field profile of p-i-n and n-i-p
structures, and also the light illuminated from the p- or n- side of the same p-i-n cell.  In Figs. 13
(a) and 13(b), the Va vs. λ  curves come from glass/TCO/p-i-n/Al and glass/TCO/n-i-p/Al
structures made in the same chamber but a different sequence of deposition.  The pulse laser
light illuminates through the glass side.  Interestingly, we obtained the highest Va in p-i-n but the
lowest Va in n-i-p structure for the shortest wavelength light pulse.  The dotted lines in Figs.
13(a) and (b) are the fitting data by using Ei(x) functions that are shown in Figs. 13 (c) and (d)
for the F205 p-i-n and F171 n-i-p cells, respectively.  It is clear that only the electric field
distribution near the p/i interface was obtained for both the p-i-n and the n-i-p cells.  Notice, for
the n-i-p cell we marked x=0 at the n/i interface.
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Fig. 13   Va vs. λ  for (a) p-i-n cell F205 light through the p-side, and (b) n-i-p cell F171
light through the n-side.  The open circles correspond to the measured Va and the
dotted lines are the best fitting data by using electric field profile Ei(x) in (c) for
F205 p-i-n, and (d) for F171 n-i-p cells, respectively.

We further examined the Va vs. λ  by illumination from either the p- or the n- side of the same
p-i-n cell with a glass/TCO/p-i-n/TCO structure.  The results are plotted in Figs. 14(a), and
14(b).  Then the corresponding electric field profiles are given in Figs. 14(c) and 14(d).  Notice,
we marked x=0 at the n/i interface in Fig. 14(d).  Similar to the results from p-i-n and n-i-p cells
shown in Figs. 13(c) and 13(d), only the electric field in the vicinity of the p/i interface was
deduced by this analysis no matter the light was through p- or n-layer sides for both the p-i-n or
n-i-p structures.  In fact, as shown in Figs. 14(c) and 14(d), we obtained almost the same electric
field profiles near the p/i interface either by illumination through the p- or n-layer of the same
cell.
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Fig. 14  Va vs. λ  of cell S208 with glass/TCO/p-i-n/TCO structure when light
illuminates through (a) the glass side(p-layer), and (b) the top TCO (n-layer).
The open circles correspond to the measured Va and the dotted lines are the
fitting data by using electric field profile Ei(x) in (c) and (d), respectively.

We tend to explain the reason why the Ei(x) near p-i junction is reduced by hole limitation as
follows.  The applied voltage, Va, is proportional to the peak value of the transient photocurrent
jpc which corresponds to the collected photocarrier density per second by the internal field Ei(x).
According to the photovoltaic effect, the photogenerated holes will drift towards p-side, and the
photo-generated electrons will drift towards n-side in the internal electric field Ei(x).  When the
short wavelength light illuminates from the p-side, the e-h pairs are generated near the p/i
interface due to the shallow absorption depth.  The holes will be swiped out through the thin p-
layer quickly and the electrons drift oppositely through the i-layer.  Since the electron mobility is
ten times larger than the hole's, the analysis of Eq. (3) by assuming only electron contribution to
the photocurrent is valid.  Whereas, as the wavelength increases, the e-h pairs are generated in
the bulk of the i-layer and then the hole-limitation effect becomes more and more important,
finally becoming dominant. Therefore, the single carrier analysis is no longer valid.
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Alternatively, when the short wave length light illuminates from the n-layer, the e-h pairs are
generated near the n/i interface.  So the holes must travel through the i-layer with a low mobility
to be swiped out by the internal field.  Thus, the low hole mobility becomes the limitation factor
for the photocurrent jpc.  In addition, many holes are trapped near the n/i interface and result in a
barrier which further depresses the carrier transport.  Therefore, one obtains a low jpc as shown
in Figs. 13(b) and 14(b).  However, as the wavelength increases the hole's travel distance
decreases, and then the electron transport becomes more and more important, finally becoming
dominant.  Therefore, one obtains a larger jpc at a longer wavelength, and the Ei(x) in the
vicinity of the p/i interface is obtained.

II.3 Conclusions

In summary, we demonstrated that the experimental knowledge of the internal electric field
profile, Ei(x), in thin a-Si:H p-i-n solar cells can be obtained by the transient-null current
method, and it can be used to study the effect of a variety of structure designs or processing on
the device performance.  In order to avoid both space charge contributed by photocarriers and
carrier recombination to disturb the internal field, we managed two critical conditions in the

measurements: (a) the total charge collected was ≤ 10-10 C per pulse, and a repetition rate 1 Hz
was used to ensure that the diode remained close to its equilibrium state; (b) the width of the
laser pulse was 200 ps, and the time window being used was about 1 µs delay following the
displacement current to ensure that the transient photocurrent peak was in the time regime of the
space-charge-limited-current.

All above results testified that the null-current method is an available technique to measure the
internal electric field profile for amorphous silicon p-i-n solar cells.  The assumption of electron
transport domination is valid in a short wavelength range up to 450 or 500 nm depending on the
diffusion length of the minority carrier.  Therefore, the present transient null-current technique is
available to study the electric profile in the vicinity of the p/i interface for both p-i-n or n-i-p
structures.  This region indeed is crucial for solar cell performance.  The results of the Ei(x)

profiles are qualitatively consistent with Hack et al' s computer simulations,19-21 including the
concept of hole-transport limitation.  In order to take into account the hole transport limitation in
p-i-n structures, more work is needed.
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III. An NMR investigation of H cluster configurations in a-Si:H

III.1  Introduction

Until very recently, device quality a-Si:H films prepared by conventional glow discharge (GD)
technique in different labs exhibited very little difference in structural and physical properties
such as the microstructures of hydrogen distribution as detected by nuclear magnetic resonance
(NMR).  This situation has changed since the demonstration that a-Si:H produced by the hot-
wire technique exhibits improved stability; such high quality a-Si:H contains a very low
hydrogen content of 2-3 at.% compared to 8-10 at.% in device quality GD a-Si:H.  Moreover,
there is growing evidence that hot-wire a-Si:H is very different from the GD materials, including

the hydrogen microstructures detected by NMR. 31-34  The 1H NMR spectrum of a-Si:H
consists of two components, a narrow line with a typical full width at half maximum (FWHM) of
a few kHz and a broad line with a typical FWHM of 22 - 35 kHz in GD a-Si:H; this broad line is
50 kHz in hot-wire a-Si:H.  Clusters of Si-H have been identified as the origin of the broad
component in device quality materials.  Previous multiple quantum NMR (MQ NMR) studies
suggest that the typical number of hydrogen atoms per cluster is 5 - 7 in device quality GD a-

Si:H 31-32 and at least 14 in hot-wire a-Si:H. 33-34  One of the important issues is the nature of
these H clusters.

In this work, numerical simulations of free-induction decays (FID) of 1H NMR signals are

presented for various H cluster configurations.  The observed FID oscillation of the 1H NMR
signal in hot-wire a-Si:H is shown to result from a high degree of order in the nearest-neighbor
distances between H atoms in the H clusters; such FID oscillation is not visible in GD materials
indicating a larger variation in local environment.  Numerical simulations of MQ NMR spectra
based on several H cluster configurations are also presented.  These calculations show that MQ
NMR spectra of the relaxed hydrogenated divacancy model fit the observed MQ NMR spectra in
device quality GD a-Si:H.  These calculations provide restrictions on the possible models of H
clusters in a-Si:H.  Correlation between the characteristics of these H clusters and the
metastability could provide a useful guideline in the search for superior a-Si:H.

III.2 Sample and experimental

Hot-wire a-Si:H samples were made at NREL on Al foil wrapped on a stainless steel substrate at
360 �C.  The Al foil was cleaned by first using 2% Micro soap in distilled (DI) water using
ultrasound, followed by DI water, acetone, and methanol to rinse, and finally isopropanol vapor
cleaning and N2 gas drying.  GD samples were made at Solarex. The a-Si:H films were removed
by dilute HCl etching and rinsed by DI water, then vacuum-sealed in 4 mm o.d. ESR quartz
tubes.

Two aspects of the H microstructures which were investigated in our experiments are the cluster
sizes (i.e., the number of H atoms per cluster), estimated by the multiple-quantum NMR (MQ
NMR) technique, and the separation distance of neighboring H atoms, based on intrinsic

linewidth measurements and MQ NMR.  A home-built, low 1H background NMR probe was
used for all NMR measurements.  Except for a few spectra taken with a Bruker spectrometer at
4.7 Tesla, all NMR results were obtained using a Chemagnetics spectrometer at 9.4 Tesla.  The
applied field varied less than 0.05 ppm over the sample volume.
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The presented NMR spectra of the hot-wire a-Si:H were taken from a 2 mm thick a-Si:H film

deposited on Al foil at a substrate temperature Ts of 360oC.  The H content was found to be 2-3
at.% as determined by infrared (IR) spectroscopy and H evolution.  The NMR results of the GD

a-Si:H were obtained from a sample deposited at Ts = 250oC on an Al foil by standard d.c. GD
decomposition of pure silane; the H content in this sample was 8-10 at.% as determined by IR.
For NMR measurements, the Al substrates were removed by HCl etching and the samples were
vacuum-sealed in ESR quartz tubings.  All experimental results, obtained using a Chemagnetics
spectrometer at 9.4 Tesla, were published previously and the pulse sequence used for MQ NMR

experiments was discussed previously 33,34.  The pulse width used in the MQ NMR
experiments is 1 µs.

III.3  NMR Results  of H cluster configurations in a-Si:H

Figure 15 (a) shows the FID’s of the hot-wire and the GD samples.  Both FID’s consist of a rapid
intensity decay in the initial 40 µs followed by a slow decay.  The initial rapid decay is attributed

to Si-H clusters whereas the slow decay is attributed to dispersed Si-H bonds 35,36.  An
interesting feature is the oscillatory behavior of the FID signal F(t) near t = 25 µs in the hot-wire
sample.  Subtracting the component of the slow decay, the intensity of the rapidly decaying
component is seen to approach first a minimum (negative or close to zero) near t = 25 µs,
recovers slightly after that, and then finally decays to zero at longer t.  This behavior is more
apparent in the expanded linear plot of FID shown in Fig. 15 (b).  Such oscillatory behavior is
less obvious in the FID of the GD sample.
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Fig. 15  (a) FID's of 1H signals in GD and hot-wire a-Si:H films.  (b) Expanded linear
plot of the FID of the hot-wire sample.

It is now well-established that the internal spin Hamiltonian for 1H in the H clusters is dominated

by the 1H homonuclear dipolar interaction HD 31,32.  This interaction governs the evolution of
the FID associated with H clusters and is generally a many-body interaction for systems with
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more than two spins.  The evolution of the spin quantum states, which are needed for the
calculation of the FID signal, can be calculated numerically for finite spin systems (up to about
10 spins with current computers).  It is well known that dipolar interaction leads to oscillatory

behavior in the FID of spins occupying a cubic lattice such as 19F in a CaF2 crystal 37  It was

found semi-empirically that the FID of 19F in a CaF2 crystal can be described by the function
37,

F(t) = exp -a2t2/2  sin(bt)
bt , (8)

where the parameters a and b are determined by the second and fourth moment M2 and M4,
respectively.  This oscillatory behavior described by sin(bt) is not a unique feature of the infinite
cubic lattice.

Figure 16 shows the calculated FID’s for a cubic and a relaxed hydrogenated divacancy
configuration.  The cubic  configuration is an eight spin system where the spins occupy the 8
corners of a cube.  The size of the cube is adjusted so that the calculated full width at half

maximum (FWHM) s of the NMR spectrum, given by 38

σ(kHz) = 190 ( 1
N

1/rij
6•

i,j=1

N

)1/2

, (9)

is equal to the FWHM indicated in Fig. 16.  These FWHM values are comparable to the

experimentally observed widths of 1H spectra 33,34  In Eq. (9), rij is the distance between nuclei
i and j in unit of Å, and N is the number of interacting spins.  Each of the calculated FID in Fig.
16 is an average of calculated FID’s over 32 randomly chosen orientations.  This is necessary for
interpreting data in polycrystalline or amorphous systems.  In the calculated FID's for the cubic
configuration shown in Fig. 16 (a), oscillations are clearly visible.  The first minimum (negative)
of F(t) is mainly determined by the interactions among nearest neighbor spins.  The pattern of
F(t) does not depend on the size of the cube except as a scaling of the time axis proportional to
the strength of HD.  Obviously, the timing of the first F(t) minimum depends less sensitively on
the strength of HD than the later oscillations.  A small-size change of the cube from 1.915 to
2.156 Å changes the FWHM from 50 to 35 kHz; the corresponding FID’s are shown in Fig. 16
(a) as well as the sum of the two FID’s.  It is interesting to note that the magnitude of the
oscillations is reduced significantly through destructive interference.  It is worth mentioning that
this basic feature of the FID is not a special feature of cubic symmetry; a trigonal configuration
would also produce similar features.  The cubic configuration captures some of the features of
the observed FID in hot-wire a-Si:H shown in Fig. 15.  Although this does not identify the nature
of the H clusters, it illustrates an important point that a high degree of order is needed to preserve
the FID oscillations; large variations of cluster configurations would wipe out the oscillations
through destructive interference.
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Fig. 16  The calculated FID's for the cubic (a) and the relaxed hydrogenated
divacancy (b)configurations.  The intensity scale is linear.  All FID's are
powder averages over 32 random orientations.

Figure 16 (b) shows the FID’s of a relaxed hydrogenated divacancy model.  A crystalline
divacancy is adopted for this model with the six dangling bonds being saturated by H with a Si-H
bond length of 1.48 Å.  In order to achieve the desired FWHM for simulations, each of the six H
atoms was moved from the unrelaxed position along the Si-H bond direction toward the
corresponding Si.  The displacements are 0.348 and 0.208 Å for s = 35 and 50 kHz, respectively.
Figure 16 (b) shows the FID’s of this relaxed hydrogenated divacancy model for s = 35 and 50
kHz.  Again, the oscillations are present and the sum of these two FID’s, also shown in Fig. 16
(b), exhibits the first F(t) minimum determined mainly by the nearest neighbor interactions as
well as the rise of intensity above zero.  This calculated FID captures the essence of the observed
FID in the hot-wire a-Si:H.  The calculated FID associated with a relaxed hydrogenated
trivacancy model shows similar features as the divacancy model.  This is because six out of the
eight spins in the trivacancy model have the same nearest neighbor environment as in the
divacancy model.  Similar FID’s are also expected for other hydrogenated multi-vacancies.
Hydrogenated vacancy-like defects in an amorphous network could be considerably different
from the vacancy models discussed here depending on the randomness and structural relaxation.

Previous MQ NMR results were discussed in terms of an assumed Gaussian distribution of the

quantum coherence intensities 31,32.  However, the validity of such a Gaussian distribution
function is not guaranteed quantitatively.  Moreover, such a description does not give any kinetic
information concerning the growth rate of multiple quantum coherence.  No specific information
was given in terms of the typical distances between H atoms in the H clusters.  It is important to
realize that the MQ pulse sequence with 8 preparation pulses per cycle works ideally only for
systems with dipolar couplings much smaller than 1/tc where tc is the time duration per cycle (8

pulses) 39.  Realistic experimental conditions such as the finite pulse width (1 µs in the current
experiment) does not allow reduction of tc much less than the employed value (36 µs) in the
current experiment.  Under the condition that the dipolar couplings are comparable or larger than
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1/tc, the outcome of the MQ results depends sensitively on the details of experimental conditions

such as the width of the 90o pulses.  This is the situation for H clusters in a-Si:H.  Reliable
predictions can only be made through exact calculations.  In the calculations of the MQ spectra
presented below, the evolution of the spin system is governed both by the interaction with the rf
field and the dipolar interaction when the rf field is on; between the pulses, the evolution of the
spin system is governed by the dipolar interaction only.  Although the employed MQ pulse

sequence is an even order selective sequence for delta 90o pulses, such selectivity breaks down

for finite 90o pulses and odd numbered quantum coherence can also appear in the MQ spectra.
Each of the calculated MQ spectra shown below is an average of calculated MQ spectra over 32
randomly chosen orientations.

Figure 17 (a) shows the MQ spectra of the GD a-Si:H.  The employed cycle time tc is 36 µs and
the pulse width is 1 µs.  By increasing the number of times (lc) the basic 8 pulse preparation
cycle is repeated, higher order quantum coherence can be enhanced.  The employed lc values in
the experiments are indicated in Fig. 17 ranging from 1 to 16.  Figure 17 (b) shows the calculated
MQ spectra for a cubic configuration with edge length 2.156 Å to give the FWHM s = 35 kHz.
In the calculated spectra, the development of the n = 4 quantum coherence is already apparent in
the lc = 1 case and the n = 6 quantum coherence is clearly visible in the lc = 2 case.  Such rapid
development of n = 4 and 6 quantum coherence seems to be slightly faster than in the observed
MQ spectra.  For lc = 16, the n = 8 quantum coherence has an intensity comparable to the n = 1
quantum coherence.  Using the criteria that odd numbered quantum coherence serves as a
measure of noise level in experimental MQ spectra, the maximum number of experimentally
observable quantum coherence order should be six for this size cubic configuration after 16
cycles.  The cubic configuration reproduces the main features of the observed MQ spectra shown
in Fig. 17 (a).  Figure 17 (c) shows the calculated MQ spectra for a relaxed hydrogenated
divacancy model which gives s = 35 kHz as discussed above.  The growth rate for the n = 2, 4,
and 6 quantum coherence is very similar to that for the observed MQ spectra shown in Fig. 17
(a).  For instance, the n = 4 quantum coherence is barely visible in the calculated and observed
MQ spectra with lc = 1.  However, it appears in the calculated and observed MQ spectra with
lc = 2.
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Fig. 17  Observed MQ spectra in GD a-Si:H (a) and calculated MQ spectra based on the cubic
(b) and the relaxed hydrogenated divacancy (c) configurations.  The horizontal axis
labels the order of the MQ coherence and lc is the number of cycles applied.  The

preparation time per cycle, tc, is 36 µs and the 90o pulse width is 1 µs.

The n = 6 quantum coherence emerges above the “noise level” in the calculated and observed
MQ spectra with lc = 4.  The calculation shows that MQ spectra based on the relaxed
hydrogenated divacancy model describe very well the observed MQ spectra in GD a-Si:H.  Since
other pulse imperfections such as pulse-shape distortions are not incorporated in the calculations,
agreement is expected to be less for large lc values.  Since calculations for more than 10 spins
are not practical, no attempt was made to explain the MQ spectra of hot-wire a-Si:H which

contains larger H clusters 33,34.  A plausible model is the relaxed hydrogenated multivacancies.

In the hydrogenated divacancy model, the six H atoms are separated into two groups, each
containing three H atoms.  The distance between two H atoms within the group is about 1.989 Å
and is about 3.364 Å (or 3.908 Å) between atoms in different groups.  To build n = 4 and 6
quantum coherence, coherence between spin states associated with both groups of H atoms are
required.  The rate of such higher order quantum coherence growth is thus limited by the weak
dipolar couplings between the two groups of spins.  On the other hand, the strong interaction

among spins within each group and the finite width of the 90o pulses hinders the observation of
higher order quantum coherence which involve weaker dipolar couplings.  Thus, further
separation (beyond 4 Å) of these two groups of spins will eliminate the growth of higher order
quantum coherence.  This is the reason why high-order quantum coherence grows faster in the
cubic configuration than in the relaxed hydrogenated divacancy configuration.  This shows that a
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divacancy-like H cluster with separations larger than 4 Å between spins cannot be considered as
one cluster in terms of MQ NMR conducted using realistic pulse conditions.  The explanation of
the MQ NMR spectra in a-Si:H depends not only on the typical number of H atoms per cluster,
but also depends on the internal structure of the clusters.

III. 4 Conclusion

In summary, computer simulations of the observed free-induction decays of the 1H NMR signals
indicate that the distribution of the nearest-neighbor distances between H atoms in the H clusters
is quite narrow in hot filament assisted CVD a-Si:H whereas the distribution is larger in glow
discharge a-Si:H.  This is clear evidence of improved structural order in hot filament assisted
CVD a-Si:H, which is an important factor leading to more stable materials.  Computer
simulations of the multiple-quantum NMR spectra indicate that a relaxed hydrogenated
divacancy and multi-vacancy models capture the essence of the observed FID in the hot-wire a-
Si:H a relaxed hydrogenated divacancy configuration leads to good agreement with experimental
observations in device quality GD a-Si:H.
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IV  Film stress measured by the bending effect

IV.1 Introduction

There are two problems for device applications of a-Si:H: first, the photodegradation of

electronic properties, commonly referred to as the Staebler-Wronski effect (SWE)40; second, the

films have high volume stress, hence the films tend to peel off their substrates.41-44 It was found
that the conventional device-quality intrinsic material (i.e., pure silane plasma-enhanced CVD at

~250 C, 8-10 at.% hydrogen, ~100% bonded as Si-H) has a high compression value of 108-Pa
(103 atm). This material shows photodegradation, but its stabilized properties are still quite good
for large area semiconductor devices. The amount of stress depends upon the deposition

conditions and the deposition technique, for instance, electron-beam evaporated film shows 108-
Pa tensile strength, and it was concluded that there is a linear relationship between the total

hydrogen content and the mechanical stress for a-Si films. 45  However, it has been unclear

whether there is correlation of stress with the photodegradation or not.  Stutzmann 41 studied the
correlation between stress-induced substrate (500-µm thickness 7059 glass) curvature and the
number of photo-induced silicon dangling bonds (DBs) in a group of a-Si:H films with varied
thickness deposited under conventional conditions. He found that (a) the stress was highly non-
uniform when the film thickness was greater than 0.5 µm, and (b) the number of metastable
defects was proportional to the substrate curvature. Therefore, he suggested that the creation of
metastable defects occurs mainly in the strained region of the film near the substrate, and
breaking of the strained bonds is the origin of the SWE.  But, the creation of metastable defects
did not lead to measurable changes of the volume stress in his studies. In disagreement with

Stutzmann, Guha et al and Kurtz et al. 42,43 found that (a) the stress was uniform throughout the
film up to 4 µm thickness, and (b) there was no measurable relationship between stress and the

photo-induced degradation. Harbison et al 44 studied the effect of argon dilution on volume
stress in a-Si:H films deposited at 250 C.  They found that (a) an abrupt drop from large
compressive to near zero stress occurs where columnar growth morphology appears at 2-3 %
diluted silane, and (b) high stress is associated with low growth rate and vice versa.  They
proposed a model to explain the high compressive stress which involves hydrogen or gaseous

impurities during growth.  Recently, the hot-wire CVD a-Si:H films 46 have shown significant
improvement in stability.  It has been found that the H microstructure is different in hot-wire and

plasma-CVD a-Si:H films.34  In the device-quality hot-wire a-Si:H, 2-3 at.% H is needed,
compared to 8-10 at.% in plasma-CVD samples.  Also 90 % of the hydrogen is located in the
clustered regions, compared to about 60- 70 % in the plasma-CVD a-Si:H.  Moreover, the
hydrogen clusters have a typical size larger than 14 H atoms compared to about 6 in GD a-Si:H

samples.  The NMR results 34 indicate that the H-microstructure may play an important role in
metastability in the device-quality films.  On the other hand, no study of mechanical stress in the
hot-wire films has done yet. The Gifu group recently has innovated the DC optical-cantilever-
bending-detection method similar to the atomic-force microscope for the position detection.  It

was used to detect the photo-induced change of stress in plasma-CVD a-Si:H.47  In this work,
we study the stress in hot-wire a-Si:H films.  This is an important issue in order to understand the
mechanism of metastability in a-Si:H materials.
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IV.I Sample and experiments

One µm-thick a-Si:H films were deposited on 100 µm-thick 2∞20 mm2 flat quartz substrates by
hot-wire CVD techniques.  The substrate temperatures during deposition were 280, 320, 360,
400, and 440 C, and the hydrogen contents were about 8, 6, 2-3, 1-2, and ≤ 1 at.%, respectively.
The film growth rate is 6-8 Å/s.  The films were also deposited on 7059 glass and crystalline-
silicon substrates for conductivity and IR absorption measurements.  The film/thin-quartz system
bends due to both the film volume stress during the growth process and the difference in the
thermal expansion coefficients of the film and the substrate.  Fig. 18 show the bending-beam
method for a-Si:H/quartz sample.  The sample holder was made from super-invar, which has an
extremely small thermal expansion coefficient, and its parallel surfaces were fine-machined to
ensure that the sample position would be reproducible.  A narrow He-Ne laser beam was used as
the probe beam.  One piece of the quartz substrate without a-Si:H film was used as the zero-
bending reference.  The stress then can be measured by the angle θ between reflected beams,
which gives the curvature, 1/R.  The value of the stress, σ, is given by

σ = Esds
2

6(1-ν)dfR when df << ds and Efdf << Esds, (10)

where Es is Young's modulus, ds is the thickness and ν the Poisson's ratio of the substrate, df is
the thickness of the film.  The room temperature values of Young's modulus Es and Possion's
ratio ν for the substrate are 73 MPa and 0.17, respectively.  In order to obtain a large signal, the
detector was located L2=70 cm away from the sample, which had a free length of L1=1.5 cm.
The displacement of the beam deflection spot produced by the curved surface of the sample is of

the order of centimeters for an initial stress of 100 - 400 MPa.  The detection limitation is 5x10-6

rad, which corresponds to a small displacement at the edge of the sample, ∆y = 70 Å.  This
allows us to detect ♠ 0.01 MPa of stress in the a-Si:H films by light-soaking.  Light-soaking was

carried out in situ  by a 300 mW/cm2 tungsten halogen light-source through the quartz side.  The
light-soaking time was controlled by a mechanical shutter.
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Fig. 18  Schematic diagram of the beam-bending method
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VI.3 preliminary results

We show the results of deposition temperature dependence of the film stress in Figs. 19 and 20.
The glow-discharge (GD) films were made in Japan at substrate temperature from 100 to 350

C; the hot-wire (HW) films were made at NREL at 280, 320, 360, 400, and 440 C.  For the
GD
a-Si:H films, the higher the deposition temperature the higher the compressive stress.  Whereas,
the stress became tension when the film was annealed at a high temperature of 550 C, at which
the hydrogen effuses out from the film.  For the hot-wire films, the deposition temperatures were
higher than the GD films.  We found that the less hydrogen content the lower the compressive
stress in the film as shown in Fig. 20.
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Fig. 19   Deposition temperature dependence of the stress in a-Si:H films
measured by the beam-bending method.
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Acoustic resonance measurements have been made on GD/quartz samples.  The resonance
frequency increases as the film is light-soaked, which indicates a stiffening of the film according
to light-soaking.

Further effort

We have completed the Phase III and the extension period of the research program and met the
project goal.  This has been accomplished by the EL spectroscopy, the transient-null-current
technique, and by NMR and MQ NMR techniques.  In addition, we have started the film stress
measurements in cooperation with Prof. S. Nitta in Japan.  Efforts will be continued to cooperate
with team members, especially members from the PV industry to study the factors governing the
SWE in a-Si:H solar cells.  In the renewed subcontract period, we will pay more attention to the
NMR measurements, which give more direct useful information to hydrogen microstructures,
and to the internal electric field profile of p-i-n structures.
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abstract

This report describes continuing studies on electroluminescence (EL), field profile, and hydrogen
microstructure by UNC-CH during the third year and the extension period.  Based on
systematical studies of the EL, we have developed a complete model to explain the unique
features of the EL as dispersive-transport-controlled non-geminate recombination processes.
This model can explain the main features of the EL, not only in a-Si:H, but also in other types of
trap-rich materials.  By employing the forward current and EL temperature dependence studies,
information of both the localized tail states and the deep defect states in real solar cell structures
were obtained concomitantly, that is crucial for the device performance.  We have measured the
internal electric field profile in p-i-n and n-i-p cells by a null-current method; we studied the
structure of the hydrogen clusters in hot-wire a-Si:H films, both theoretically and experimentally,
and show a clear evidence of improved structural order in hot-wire a-Si:H, which is an important
factor leading to more stable materials.  In order to link the film microstructure to the
metastability, we also started the film stress measurements.
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